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Summary

The aim of the present study was to explore whether hydrogen
sulfide (H,S) protects against ischemic heart failure (HF) by
inhibiting the necroptosis pathway. Mice were randomized into
Sham, myocardial infarction (MI), MI + propargylglycine (PAG)
and MI + sodium hydrosulfide (NaHS) group, respectively. The
MI model was induced by ligating the left anterior descending
coronary artery. PAG was intraperitoneally administered at a dose
of 50 mg/kg/day for 4 weeks, and NaHS at a dose of 4mg/kg/day
for the same period. At 4 weeks after MI, the following were
observed: A significant decrease in the cardiac function, as
evidenced by a decline in ejection fraction (EF) and fractional
shortening (FS), an increase in plasma myocardial injury markers,
such as creatine kinase-MB (CK-MB) and cardiac troponin I
(cTNI), an increase in myocardial collagen content in the heart
tissues, and a decrease of H,S level in plasma and heart tissues.
Furthermore, the expression levels of necroptosis-related markers
such as receptor interacting protein kinase 1 (RIP1), RIP3 and
mixed lineage kinase domain-like protein (MLKL) were
upregulated after MI. NaHS treatment increased H2S levels in
plasma and heart tissues, preserving the cardiac function by
increasing EF and FS, decreasing plasma CK-MB and cTNI and
reducing collagen content. Additionally, NaHS treatment
significantly downregulated the RIP1/RIP3/MLKL pathway. While,
PAG treatment aggravated cardiac function by activated the
RIP1/RIP3/MLKL pathway. Overall, the present study concluded
that H2S protected against ischemic HF by inhibiting
RIP1/RIP3/MLKL-mediated necroptosis which could be a potential
target treatment for ischemic HF.
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Introduction

It is well recognized that with altered lifestyles
and growing ageing populations, heart failure (HF), the
end-stage of various myocardial diseases, is associated
with increasing hospitalization, high mortality and severe
morbidity. Acute myocardial infarction (AMI) represents
the most common cause of myocardial injury and
ventricular dysfunction, accounting for a significant
percentage of ischemic HF cases [1]. Percutaneous
coronary intervention or thrombolytic therapy is currently
the most effective strategy to improve the clinical
outcome for patients with AMI, however, numerous
patients still suffer from post-myocardial infarction (MI)
cardiac remodeling and HF. Upon AMI, the limited
oxygen supply induces ischemic cardiomyocyte necrosis,
which is then replaced by scar tissue, thereby resulting in
systolic dysfunction, myocardial remodeling and, finally,
HF. Therefore,
myocardial remodeling is key to delaying and treating
ischemic HF [2-3].

Recently, it has been revealed that hydrogen

reducing myocardial injury and

sulfide (H2S), a highly toxic gas, is recognized as another

important endogenous gaseous signaling molecule,
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except in addition to nitric oxide (NO) and carbon
monoxide (CO) [4]. Endogenously, H,S is mainly
generated by three key enzymes: Cystathionine
B-synthase (CBS), cystathionine y-lyase (CSE) and
(3-MST).
Predominantly localized in the heart and vasculature,

3-mercaptopyruvate  sulphur transferase
CSE is the most relevant H,S-producing enzyme in the
cardiovascular system [5-6]. At a physiological level,
H2S exerts a number of protective properties in the
cardiovascular system, including anti-hypertension, anti-
arteriosclerosis and anti-myocardial ischemia/reperfusion
(I/R) injury [7]. It has been reported that H,S takes part in
MI [8], and that mice overexpressing CSE have a reduced
infarct size compared with controls [9], while CSE
knockout (KO) mice have an increased infarct size
following I/R [10]. Different types of exogenous H2S
donors have been reported to improve cardiac function in
mice by reducing apoptosis, inhibiting oxidative stress
injury or suppressing the inflammatory response [11-12],
however, the exact mechanism is not yet fully
understood.

In recent evidence has

years, increasing

indicated that necroptosis, a form of programmed
necrosis, can be involved in the pathogenesis of
cardiovascular disease, as indicated by the evidence that
necroptosis  contributes to the development of
atherosclerosis, myocardial I/R injury and stroke [13-15].
Necroptosis has been reported to mediate adverse
remodeling after MI, and has been identified in the
etiology of various types of human HF [16-17]. In
addition, cardiac function is improved by necrostatin-1,
a small molecule inhibitor of necroptosis after I/R injury
[18]. However, to the best of our knowledge, whether
necroptosis inhibition is involved in the myocardial
protection effect of H,S has not yet been fully
investigated. Therefore, in the present study,
propargylglycine (PAG), a CSE inhibitor, was used to
inhibit the production of endogenous H,S and sodium
hydrosulfide (NaHS) was used as an exogenous donor of
H,S to explore whether H,S is capable of protecting
against ischemic HF by inhibiting the necroptosis

pathway.

Materials and Methods

Animals and experimental protocol

Adult male C57BL/6 mice (weight, 20-22 g, age,
8 weeks) were acquired from Gempharmatech Co., Ltd.
Mice were housed under pathogen-free conditions with

a controlled humidity of 60 %, at 22-24 °C and under
a regular 12-h light/dark cycle, with ad libitum access to
food and water. All animal procedures (approval no.
WZ-011) were approved by the Ethics Committee of
Experimental Research, Shanghai Pudong Hospital of
Fudan University (Shanghai, China) and were performed
according to the Guide for the Care and Use of
Laboratory Animals published by the National Institutes
of Health.

After 1 week of acclimating, the 64 mice were
randomly assigned into 4 groups: Sham, MI, MI + PAG,
and MI + NaHS groups. PAG was intraperitoneally
administered at a dose of 50 mg/kg/day for 4 weeks,
NaHS, at a dose of 4 mg/kg/day for the same period. The
Sham and MI group were intraperitoneally administered
the equivalent volume of saline at the same time points.

Myocardial ischemia mouse model.

The MI model was induced by ligating the left
anterior descending coronary artery (LAD) as previously
described [19]. Isoflurane was used at 2 % concentration
for the induction of anesthesia and at 1.5 % concentration
for the maintenance of anesthesia. And then the mice
were ventilated via tracheal intubation with a rodent
ventilator (Kent Scientific Corporation). With the chest
opened, MI was achieved by occluding LAD the using
a7-0 silk suture. Successful ligation of the LAD was
confirmed by ST-segment shift on the ECG and the
anterior wall of the left ventricle turned pale. Mice in the
Sham group underwent the same surgery without LAD
ligation, and the chest was closed in layers after surgery.

Echocardiographic study
Under
echocardiography was performed using a Vevo2100

isoflurane  anesthesia, transthoracic
ultrasound device (VisualSonics, Inc.) at 4 weeks after
MI, with two-dimensional guided M-mode images being
recorded and left ventricular ejection fraction (LVEF) and
left ventricular fractional shortening (LVFS) measured to
evaluate heart function, which were calculated from the
following formulas: (1) EF (%) = 100 x {[LV end-
diastolic volume (LVEDV) - LV end-systolic volume
(LVESV)]/LVEDV}, (2) FS (%) = 100 x {[LV end-
diastolic dimension (LVEDD) - LV end-systolic
dimension (LVESD)[/LVEDD}. All measurements were
averaged for three consecutive cardiac cycles. After
described as

echocardiographic measurements

aforementioned, the mice were euthanized by

an overdose of pentobarbital (100 mg/kg, intraperitoneal



2022

Hydrogen Sulfide Protects Against Myocardial Infarction 773

injection). Subsequently, the heart was rapidly removed
and retained at -80 °C until further analysis. After
centrifugation at 1,200 x g and 4 °C for 10 min, plasma
was separated from the blood and frozen at -80 °C until
the following assays.

Measurement of plasma creatine kinase-MB (CK-MB)
and cardiac troponin I (cTnl).

The plasma levels of CK-MB were determined
with an automatic biochemical analyzer (Cobas 6000,
Roche Diagnostics). The levels of c¢Tnl in the plasma
were measured using ELISA kits (cat. no. MM-0791M1,
Jiangsu Meimian Industrial Co., Ltd.) according to the
manufacturer’s instructions.

Measurement of H,S

H,S levels in the heart tissues and plasma were
measured using liquid chromatography-mass
spectrometry (LC-MS/MS) as previously described [20].
The heart tissues were homogenized in the ice cold Tris-
HCI (100 mmol/l, pH 8.5), followed by centrifugation at
12,000 x g for 20 min at 4 °C, the protein in the
supernatant was quantified using BCA reagent (Sigma-
Aldrich, Merck KGaA), with 30 pl supernatant or plasma,
80 pl monobromobimane (Sigma-Aldrich, Merck KGaA)
and 10 pl ammonia (0.1 %) shaken to be mixed at room
temperature for 1 h, and an addition of 10 pl formic acid
(20 %) to stop the reaction. Following a 10 min
centrifugation (12,500 x g, 4 °C), the supernatants were
stored at -80 °C until H,S measurements were performed.
Sodium sulfide (0-40 pmol/l) was used to make the
standard curve to determine H,S concentration. In the
heart tissues, H,S concentration was divided by the
protein concentration and expressed as 0.01 nM/mg of
protein.

Hematoxylin and eosin (H&E) staining and Sirius red
staining

The mouse hearts were isolated and fixed in 4 %
paraformaldehyde (pH 7.4) at room temperature for 24 h.
H&E staining and Sirius Red staining were performed
after dehydration, permeabilization with xylene, wax
dipping, paraffin embedding and 5-um sectioning of the
heart tissues. H&E staining was performed at room
temperature after dewaxing for 80 min. Briefly, nuclei
were stained with hematoxylin for 5 min, cytoplasm was
stained with eosin for 3 min, and samples were
dehydrated and sealed for 25 min. Sirius red staining was
performed at room temperature after dewaxing for

80 min. Briefly, samples were stained with Sirius red for
10 min, followed by dehydration and sealing for 5 min.
H&E
histopathological changes, and Sirius red staining was

staining ~ was  performed to  observe
performed to evaluate collagen deposition. The protocols
for HE staining and Sirius red staining were conducted
according to the manufacturer’s instructions (cat. nos.
G1120 and G1470, Beijing Solarbio Science &
Technology Co., Ltd.), and images were captured under

an optical microscope (Zeiss, Inc.).

Immunohistochemistry

The mouse hearts were isolated and fixed in 4 %
paraformaldehyde (pH 7.4) at room temperature for 24 h
and were embedded in paraffin. When dewaxed, the
paraffin-embedded sections of the heart tissues (5-pm)
were rehydration in a descending alcohol series was then
performed retrieved using a pressure cooker at 125 °C for
12 min in citrate buffer (pH 6.0), 0.01M PBS (pH 7.4)
was used as a washing reagent and the sections were
blocked in 3 % BSA (cat. no. B2064, Sigma-Aldrich,
Merck KGaA) at room temperature for 30 min.
Subsequently, the sections were incubated with receptor
interacting protein kinase 1 (RIPI, cat. no. ab106393,
1:200, Abcam) or receptor interacting protein kinase 3
(RIP3, cat. no. ab62344, 1:200, Abcam) antibodies
(1:200, Abcam) at room temperature for 2 h, before being
incubated with horseradish peroxidase (HRP)-conjugated
secondary antibody (cat. no. K5007, Dako, Agilent
Technologies, Inc.) at room temperature for 30 min and
diaminobenzidine substrate. Consequently, at least five
random fields of each section were examined under
a light microscope (Leica Microsystems GmbH).

Western blotting

Protein was extracted from the left ventricle
tissues using RIPA buffer (1 % Triton X-100, 150 mM
NaCl, 5 mM EDTA and 10 mM Tris-HCI, pH 7.0,
Beyotime Institute of Biotechnology) and quantified
using BCA reagent (cat. no. 71285-3, MilliporeSigma)
The protein samples (80 ng/lane) were subjected to 10 %
SDS-PAGE gels and then transferred to polyvinylidene
fluoride membranes. After blocking with 5 % non-fat
milk at room temperature for 1 h, the membranes were
incubated with primary antibodies against RIP1 (cat. no.
ab106393, 1:200, Abcam), RIP3 (cat. no. ab62344, 1:200,
Abcam), mixed lineage kinase domain-like protein
(MLKL, cat. no. ab243142, 1:1,000, Abcam) and
GAPDH as the internal control (cat. no. 5174S, 1:2,000,
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Cell Signaling Technology, Inc.) at 4°C overnight. After
washing with TBS-0.2 % Tween thrice, the membranes
were incubated with HRP-conjugated secondary
antibodies [Anti-rabbit IgG, HRP-linked Antibody (cat.
no. 7074, 1:3,000, Cell Signaling Technology, Inc.), Goat
Anti-Rat IgG, Light-Chain Specific Antibody (HRP
Conjugate) (cat. no. 98164, 1:3,000, Cell Signaling
Technology, Inc.)] at room temperature for 1 h.
Chemiluminescent signals were developed by the
addition of the enhanced chemiluminescence reagents
(Bio-Rad Laboratories, Inc.). The intensities of protein
bands were quantified using Image] software (version

1.8.0_172, National Institutes of Health).

Statistical analyses

The results are presented as mean + SEM (n=6).
Statistical analysis was performed using an SPSS
software package, version 25.0 (SPSS, Inc.). The results
of >3 groups were compared using one-way ANOVA

followed by Tukey’s post hoc test. P<0.05 was
considered to indicate a statistically significant
difference.
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Results

H,S levels decrease after MI. As presented in
Fig. 1, a significant decrease was observed in H,S levels
of the plasma (Fig. 1A) and heart tissues (Fig. 1B) after
MI compared with the Sham group. This was decreased
significantly further by treatment with PAG (a CSE
inhibitor) and significantly partially reversed by NaHS
(an exogenous donor of H,S) treatment. Furthermore, the
myocardial injury markers of plasma CK-MB (Fig. 1C)
and cardiac troponin I (cTNI, Fig. 1D) increased
significantly after MI compared with the Sham group,
notably, PAG treatment significantly enhanced the level
of CK-MB and cTNI further, while NaHS treatment
partially reversed such results.

Cardiac function is preserved by H,S after MI.
According to the echocardiography on the cardiac
function (Fig. 2), MI significantly decreased ejection
fraction (EF) and fractional shortening (FS) compared
with the Sham group, consequently, NaHS treatment
preserved the cardiac function, while PAG treatment
aggravated the decline of EF and FS after M1.

Fig. 1. H.,S levels decrease
after MI and H,S has
a protective effect on MI mice
in vivo. H,S levels in (A) blood
plasma and (B) heart tissues.
(C) cTnl and (D) CK-MB
levels in the blood plasma.
Mean * SEM. *P<0.05,
**P<0.01, ***P<0.001. cTnI,
cardiac troponin I, CK-MB,
Creatine kinase-MB, MI, myo-
cardial infarction, PAG, pro-
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Fig. 2. H,S treatment preserves
cardiac  function after ML
(A)  Representative =~ M-mode
images. (B) Changes of the LVEF
and (C) LVFS. Mean + SEM.
*P<0.05, **P<0.01, ***P<0.001.
LVEF, left ventricular ejection
fraction, LVFS, left ventricular
fractional shorte-ning, MI, myo-
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cardial infarction, PAG, propar-
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A Sham MI MI+PAG MI+NaHS Fig. 3. H,S treatment inhibits
= = _ — myocardial remodeling after MI.
(A) Representative hematoxylin
and eosin-stained sections.
(B) Repre-sentative Sirius-red-
4 stained sections. Red-stained
J collagen fibers are indicated with
black arrows. Scale bar, 2.5 mm.
MI, myocardial infarction, PAG,
pro-pargylglycine, NAHS, sodium
hydrosulfide.
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Myocardial remodeling is inhibited by H,S after ~ group. After MI, the mice treated with NaHS

MI. As presented in Fig. 3 and S1, Sirius red staining was
performed to identify the areas of collagen deposition and
fibrosis content, and H&E staining was performed to
observe histopathological changes in the heart tissue. An
increase in collagen accumulation and fibrosis content
was observed in the MI group compared with the Sham

demonstrated a reduction in collagen accumulation and
fibrosis content, while those treated with PAG presented
an increase. In addition, as presented in Table S1, the
diastolic and systolic left ventricular anterior wall
(LVAW) of MI mice was significantly reduced compared

with the sham mice. PAG treatment significantly
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aggravated the decline of diastolic and systolic LVAW
compared with the MI group, while NaHS treatment
significantly ameliorated this reduction compared with
the MI group.
RIP1/RIP3/MLKL-mediated
reduced by H,S after ML
necroptosis was involved in MI, immunohistochemical

necroptosis  is

To examine whether

staining was performed to evaluate the expression levels
of RIP1 and RIP3, the results of which demonstrated that
RIP1 and RIP3-positive cells were stained brown
(Fig. 4A-D). The expression levels of RIP1 and RIP3
were revealed to be low in the Sham group, whereas
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a significantly increased number of RIP1 and RIP3-
positive cells were observed in the MI group, which was
increased further by PAG treatment. However, NaHS
treatment significantly decreased the number of RIP1 and
RIP3-positive cells compared with the MI group. As
indicated by western blotting, the expression levels of
RIP1, RIP3 and MLKL were upregulated in the MI group
compared with the Sham group (Fig. 4E-G). The
administration of NaHS resulted in a significant decrease
of these expression levels compared with the MI group,
while PAG treatment led to a significant increase.

Fig. 4. H,S treatment reduces
RIP1/RIP3/MLKL-mediated nec-
roptosis after MI. Represen-
tative immunohistochemistry for
(A) RIP1 and (B) RIP3-positive
cells in ischemic heart tissues.
Scale bar, 100 pm. Quantitative
analysis for (C) RIP1 and (D)
RIP3-positive cells in ischemic
staining.
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SEM.  *P<0.05, **P<0.01,
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interacting protein kinase, MLKL,
mixed lineage kinase domain-
like protein, MI, myocardial
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Discussion

The present study revealed that H,S significantly
injury,
myocardial function and inhibited cardiac remodeling in

improved myocardial ischemic enhanced
mice with ischemic HF that had undergone LAD ligation.
Furthermore, the present study provided evidence that
H,S  down-regulated the expression of the
RIP1/RIP3/MLKL pathway, thus inhibiting necroptosis
activation in ischemic HF. These findings suggested that
H,S could be a potential target treatment for ischemic HF
by inhibiting RIP1/RIP3/MLKL-mediated necroptosis.

Being the most severe form of coronary artery
disease, MI accounts for a major cause of cardiovascular
morbidity and mortality in the increasingly ageing
populations worldwide. When MI occurs, the severe
reduction in coronary perfusion causes a loss of a large
number of myocardial cells, which further leads to
cardiac remodeling in the form of scar formation,
myocardial fibrosis and poor ventricular dilatation and
irreversible HF in the late phase [21-22]. Animal models
have been developed to study molecular mechanism or
therapeutic strategies for HF after MI. Since surgical
occlusion of the LAD coronary artery is a well-
established model for initiating an MI in rodent models,
the present study used the model of HF post-MI
developed by a 4-week permanent ligation of the LAD as
previously described [20]. At 4 weeks after MI, the
cardiac function was evaluated using echocardiography,
the results of which demonstrated that MI significantly
decreased EF and FS compared with the Sham group,
while the plasma levels of the myocardial injury markers
of CK-MB and cTNI were significantly increased after
MI. Additionally, the results of H&E staining and Sirius
red staining revealed an increase in the collagen
accumulation and fibrosis content of the MI group. These
results clearly indicated that HF could be successfully
induced at 4 weeks after MI, which were in parallel with
the results of the previously reported studies [23-24].

At present, interventional and pharmacological
therapies of MI aim to restore blood supply as soon as
possible in the infarcted heart so as to significantly
decrease the initial cardiac damage. However, MI patients
are still at a high risk of subsequent death due to HF [25].
Thus, there is an unmet need for novel therapeutic
candidates that can prevent and delay the occurrence and
development of ischemic HF. Our previous study
exert

demonstrated that S-propargyl-cysteine can

a protective effect on AMI by prolonging the release of

endogenous H,S via the CSE/ H,S pathway [26]. The
present study investigated the cardioprotective effect of
H,S on ischemic HF after 4 weeks of administration of
NaHS (4 mg/kg/day), an exogenous donor of H,S, or
PAG (50 mg/kg/day), a CSE inhibitor. H,S, which is
a colorless toxic gas, is now considered to be the third
most important endogenous gasotransmitter that can
freely cross the cell membrane following NO and CO,
and be endogenously synthesized in mammalian tissues
by the three enzymes of CSE, CBS and 3-MST.
A decrease in the endogenous production of H2S, which
plays a physiological role in a variety of cellular and
has been associated with

organic functions, some

pathological conditions involving various systems,
including the cardiovascular system. In the heart, H,S is
mainly produced via CSE and has been reported to
provide a cardioprotective effect in various cardiac injury
models, while CSE KO mice or the application of CSE
inhibitor PAG can aggravate the corresponding cardiac
[27-28]. The

a significant decrease in H2S levels post-MI in the MI

injury present study demonstrated
group of plasma and heart tissues compared with the
Sham group, which was successfully reversed by NaHS
treatment. NaHS treatment also preserved the cardiac
function by increasing EF and FS, decreasing plasma
myocardial injury markers, such as CK-MB and c¢TNI,
and reducing collagen accumulation and fibrosis content.
PAG inhibited the

endogenous production of H,S, causing a further

By contrast, treatment
reduction in H,S levels of plasma and heart tissues.
PAG
function by decreasing EF and FS, increasing plasma
CK-MB and cTNI
accumulation and fibrosis content. These results were

Moreover, treatment aggravated the cardiac

levels and enhancing collagen
supported by our previous research, which revealed that

H2S
remodeling and the cardiac dysfunction of the wild-type

supplementation can ameliorate pathological
and CSE KO mice in post-MI HF or isoprenaline-induced
HF [29-30]. These results were also consistent with
previously reported investigations that indicated that H,S
deceases MI injury and inhibits cardiac remodeling
through a complex mechanism involving antioxidant,
anti-apoptotic, anti-inflammatory and anti-fibrotic effects
[31-32]. However, the exact mechanism has not yet been
fully understood.

Cell death is a fundamental process in cardiac
pathologies and multiple forms of cell death mechanisms
have been identified, including apoptosis, necroptosis,
ferroptosis and pyroptosis [33]. Necroptosis, a recently
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identified type of programmed cell death, is a lytic form
of cell death distinguished from apoptosis, ferroptosis and
pyroptosis. Different from other forms of cell death,
necroptosis is orchestrated by complex IIb (also called
necrosome), which includes RIP1, RIP3 and MLKL,
RIP1/RIP3/MLKL signaling is considered the canonical
signaling module for necroptosis [33-35]. The critical
event in the induction of necroptosis is the activation of
RIP3, a serine/threonine kinase, which is often activated
through phosphorylation carried out by the homologous
RIP1. Afterwards, RIP3 phosphorylates and activates
MLKL, which translocates to and permeabilizes the
plasma membrane to induce necroptosis [34]. So,
a general way to assess necroptosis signaling is to
measure the protein levels of RIP3, MLKL, and RIP1,
and their phosphorylation state are also measured to
identity necroptosis [36].

Some studies have suggested that necroptosis
plays an instrumental role, contributing to cardiovascular
diseases and fatalities, and that the genetic deletion or
RIP1/RIP3/MLKL
pathway has a protective effect [16, 37]. By contrast, it

pharmacological  inhibition  of
has been reported that cardiac-specific overexpression of
RIP3 aggravated necrotic cardiomyocyte death, post-MI
cardiac remodeling and cardiac dysfunction [38]. The
present study demonstrated that the RIP1/RIP3/MLKL
pathway was upregulated in the MI group compared with
the Sham group and this corresponded with previous
study which reported the RIPI, RIP3, and MLKL
expression were up-regulated after myocardial I/R injury,
while necrostatin-1, a RIP1 inhibitor, could inhibit RIP1-
dependent necrosis after myocardial I/R in vivo and
prevent adverse cardiac remodeling [39]. In addition, the
phosphorylated RIP1, RIP3, and MLKL were measured
and they were all up-regulated after MI (Supplementary
Fig. S2). The present study also revealed that NaHS
treatment significantly downregulated the RIP1/RIP3/
MLKL pathway, while PAG treatment further activated
RIP1/RIP3/MLKL pathway. These results indicated that
H,S could inhibit RIP1/RIP3/MLKL-mediated
necroptosis, which was consistent with our previous
study where H,S was evidenced to mitigate endoplasmic
reticulum stress-related necroptosis by downregulating
the RIP3-CaMKII signaling pathway in a AMI injury
model [40]. Additionally, a previously reported in vitro
experiment demonstrated that H2S protects HUVECs
against high glucose-induced injury by inhibiting
necroptosis [41], while Chi et al. [42] revealed that H,S
exposure induces necroptosis, promoting inflammation

through the MAPK/NF-kB pathway in broiler spleen.
Therefore, further in-depth research is needed to be
conducted on H2S. In conclusion, the present study
verified that H2S could protect against ischemic HF by
RIP1/RIP3/MLKL-mediated
suggesting that such a finding may offer a potential

inhibiting necroptosis,

treatment target for ischemic HF.
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